Candidatus Accumulibacter phosphatis (CAP) and its sub-clades-level diversity has been 22 associated and implicated in successful phosphorus removal performance in enhanced biological 23 phosphorus removal (EBPR). Development of high-throughput untargeted methods to 24 characterize clades of CAP in EBPR communities can enable a better understanding of 25 Accumulibacter ecology at a higher-resolution beyond OTU-level in wastewater resource 26 recovery facilities (WRRFs). In this study, for the first time, using integrated 16S rRNA gene 27 sequencing, oligotyping and genome-resolved metagenomics, we were able to reveal clade-level 28 differences in Accumulibacter communities and associate the differences with two different full-29 scale EBPR configurations. The results led to the identification and characterization of a distinct 30 and dominant Accumulibacter oligotype -Oligotype 2 (belonging to Clade IIC) and its matching 31 MAG (RC14) associated with side-stream EBPR configuration. We are also able to extract 32 MAGs belonging to CAP clades IIB (RCAB4-2) and II (RC18) which did not have 33 representative genomes before. This study demonstrates and validates the use of a high-34 throughput approach of oligotyping analysis of 16S rRNA gene sequences to elucidate CAP 35 clade-level diversity. We also show the existence of a previously uncharacterized diversity of 36 CAP clades in full-scale EBPR communities through extraction of MAGs, for the first time from 37 full-scale facilities. 38
University, Boston MA overnight on dry ice. DNA was extracted according to the MiDAS 139 protocol [33] . The extracted DNA was sent to University of Connecticut-MARS facility for PCR 140 amplification and sequencing targeting the V4 region using the primers 515F (5'-141 GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') [34] 142 and the amplicons were sequenced on the Illumina MiSeq using V2 chemistry using paired-end 143
(2 X 250) sequencing [35] . Raw reads have been submitted to NCBI under the BioProject 144 accession number PRJNA530271. 145
The sequences were trimmed to remove primers and barcodes, quality filtered using sickle v1.33 146
[36] with a minimum quality score of 20 and analyzed as described in Kozich et al., [35] . 147
Consensus taxonomy of OTUs was determined using the 80% cugtoff using the MiDAS (v123) 148 database [33] (details of the analysis are provided in the supplementary methods). Amplicon data 149 was rarefied to the minimum total sequence count (12090 sequences) across all samples. All data 150 and statistical analysis were performed in R (for more details see supplementary methods) using 151 the following packages: vegan (Oksanen et al. 2007 ), ggplot2 [37] , dplyr [38] and ampvis [39] . 152
Oligotyping Analysis 153
To generate the input sequences required for oligotyping analysis, the Kozich et al., [35] 154 pipeline, described above, was executed without the preclustering step as recommended by Eren 155 et al. [30] . After chimera removal and denoising sequences, the 16S rRNA gene amplicon (V4 156 region) sequences classified as Ca. Accumulibacter were extracted and formatted as required by the oligotyping pipeline using the mothur2oligo.sh script (https://github.com/michberr/MicrobeMiseq/tree/master/mothur2oligo). A total of 38855 159 sequences that were classified as Ca. Accumulibacter were extracted and used as input for 160 oligotyping analysis. The oligotyping pipeline (v2.1) was used according to Eren et al. [30] with 161 recommended best practices. Quality filtering in the oligotyping pipeline resulted in 37934 reads 162 (97.6 %). The Shannon entropy at each nucleotide position was calculated using the entropy-163 analysis command. Starting with the highest entropy positions, 9 nucleotide positions (56, 57, 63, 164 75, 112, 113, 114, 115, 123) were selected for entropy decomposition ( Figure S2 ). Noise filtering 165 was performed by limiting our analysis to oligotypes that occurred in at least 3 samples (-s) and 166 those that had a minimum count (-M) of 30 (~0.1 %). A total of 195 raw oligotypes were initially 167 identified based on the 9 nucleotide positions. Denoising and elimination based on the -s and -M 168 parameters resulted in 9 oligotypes. 169
Metagenomic Sequencing, Assembly and Genome Binning 170
Samples from June 26 th , August 2 nd and August 30 th , 2016 from both treatment trains were sent 171 to the TUCF Genomics center for 2 x 250 paired end sequencing on the Illumina HiSeq 2500. 172
Library preparation for metagenomic sequencing was performed using the TruSeq PCR-free 173 DNA kit. A total of 83.2 million paired-end reads were obtained. Sequences were quality filtered 174 using sickle v1.33 [36] with a quality threshold of 20 and a length threshold of 50. In order to 175 remove contamination sequences, the quality filtered sequences were then mapped to the UniVec 176 database [40] and mapped reads were removed. Paired-end reads for all 6 samples were then co-177 assembled together using MEGAHIT [41] using a minimum contig length of 1000 to enable 178 recovery of MAGs and eliminate erroneous contigs. Samples (n=3) from each treatment train 179 were also co-assembled separately. Quality for the assemblies (total 3 assemblies) was assessed Resulting bins with >70 % completion were then manually refined in Anvi'o based on coverage 186 patterns, GC content and taxonomic affiliation. The quality of all refined bins was then assessed 187 with CheckM v1.0.11 and taxonomic classification was also obtained. Genome bins from the 188 different assemblies were dereplicated using dRep [49] 
Annotation and Phylogenetic Analysiss 204 ppk1 genes were annotated in the assemblies using a HMM model [52] using HMMER 3.1b2 205 (http://hmmer.org/). The annotated genes were then aligned with the reference sequences 206 (n=1012) using MUSCLE v3.8.31 [53] and placed on a reference backbone tree using pplacer 207
[54]. Read counts for each of the identified ppk1 sequences were obtained using the multicov 208 tool in BEDtools [55] and the reads per kilobase million (RPKM) value was calculated. 209
Sequences with length less than 600 bp were filtered out and relative abundance of the ppk1 gene 210 sequences was calculated using the following equation: 211
Pangenomic and Phylogenetic Analysis 212
All publicly available genomes for Ca. Accumulibacter (n=19) were downloaded and combined 213 with the CAP MAGs obtained in this study to perform a pangenomic analysis using the Anvi OTUs were present at very low relative abundances. The results suggested that the diversity in 235
Accumulibacter populations, if any, could not be resolved using OTU-based methods. However, 236 there is still potential for finer-resolution diversity which could be masked within the OTUs. 237
Oligotyping reveals differences in Accumulibacter clades between S2EBPR SSRC and 238 conventional A2O configurations 239
In order to further resolve the microdiversity within Accumulibacter OTUs, oligotyping analysis 240 was performed using the individual 16S rRNA gene sequences targeting the V4 region. The 241 oligotyping analysis enabled the identification of 9 oligotypes of Accumulibacter and therefore distinct Accumulibacter community structure between the two EBPR configurations. The 243 S2EBPR Accumulibacter community became increasingly dominated by Oligotype 2, during the 244 testing period, while it remained at a very low relative abundance in the conventional A2O 245 configuration ( Figure 2A , Table S1 ). The relative abundance of Oligotype 2 increased from 31. 
Phylogenetic analysis of oligotype sequences shows congruency with ppk1-phylogeny of 259
Accumulibacter 260
In order to further correlate the oligotypes to clade/species level differences in CAP and examine 261 the congruency of the oligotype phylogeny with ppk1 phylogeny, we performed phylogenetic 262 analysis using near full-length 16S rRNA gene and ppk1 sequences through metagenomic 263 sequencing on the samples taken on June 22nd, August 2nd, and August 30th from both 264 treatment trains. A phylogenetic analysis of near full-length 16S rRNA gene sequences (extracted from metagenomic sequencing), classified as Accumulibacter and matching 5 of 9 266 oligotypes, along with reference sequences from He et al., [21] , which were previously assigned 267 to clades based on congruency with ppk1 phylogeny, revealed that the 16S rRNA gene sequences 268 matching the oligotypes were monophyletic ( Figure 2B ). It is important to note that multiple full- abundance of sequences belonging to each clade was calculated ( Figure 2C ). This further 280 confirmed that Clade IIC was predominant in S2EBPR which is congruent with oligotyping 281 results. However, according to ppk1 phylogeny, Clade IIG was the predominant clade in the 282 conventional A2O configuration at the end of testing which was not directly congruent with the 283 results using 16S rRNA oligotyping phylogeny. This could be due to the lack of representative 284 16S rRNA gene reference sequences for Clade IIG. 285
Previous research has cautioned that exact sequence variants (ESVs) or oligotypes may not 286 represent phylogenetically or ecologically significant units [62] . However, this was based on a 287 study of Microcystis in freshwater systems where they observed that the oligotypes observed in the study were not monophyletic and did not correlate with toxin producing capability. In this 289 study, we show that the dominant oligotypes observed are distinct between EBPR configurations 290 fed with the same influent wastewater and their full-length 16S rRNA gene sequence matches 291 from metagenomic reconstruction are monophyletic. Furthermore, we show that the oligotyping 292 results agree with the phylogenetic analysis with a more robust marker gene (ppk1) for 293
Accumulibacter. It should be noted that, until now, the only way to resolve clade-level 294 differences in Accumulibacter has been using the ppk1 gene or using metagenomics. Even 295 though qPCR primers for the ppk1 gene exist for many clades, it is unclear whether these capture 296 the diversity of Accumulibacter sufficiently. The potential advantages of resolving clade-level 297 differences using a high-throughput method such as 16S rRNA gene amplicon sequencing 298 combined with oligotyping is significant since it will enable more cost-effective and improved 299 characterization of EBPR communities. However, the use of this method needs to be further 300 validated by comparing with other tools that can differentiate closely-related taxa in order to 301 characterize the microdiversity in a particular taxon. 302
Accumulibacter MAGs binned from the metagenomic sequences reveal previously 303 uncharacterized diversity in full-scale EBPR systems 304
To further characterize the identity and metabolic capabilities of Accumulibacter present in the 305 two full-scale EBPR systems with different configurations, we used genome-resolved 306 metagenomics to recover 3 MAGs (RC14, RC18, and RCAB4-2) classified putatively as 307 redundancy values of 0.2 % and 0.0 % respectively. The other MAG (RCAB4-2) had a 313 completion of 77.2% and 3.1% redundancy. 314
To further delineate the clade-level taxonomy of the MAGs, the ppk1 gene sequence from each 315 MAG was extracted and placed on the reference tree as described previously. Based on their 316 placement (Figure s3B ANIs of < 85 % again reinforcing the results of the phylogenetic analysis that these are 327 previously uncharacterized clades [64] . We also calculated the relative abundance of these 328
MAGs in the metagenome and observed that RC14 (Clade IIC) was the predominant 329
Accumulibacter MAG in the S2EBPR metagenome ( Figure 3C ). Note that the clade affiliation of 330 these genome bins corresponds to the predominant clades observed using both oligotyping and 331 ppk1 annotation (Figure 2 ). Clade IIC MAG (RC14) was the most abundant Accumulibacter pathway in the currently available 22 MAGs of Accumulibacter, including 3 MAGs from full-358 scale facilities in this study, suggests that the EMP pathway is likely the predominant 359 metabolism for anaerobic glycolysis (Figure 4 & Table S3 ). Another uncertainity in the 360 anaerobic metabolism of EBPR is the source of the reducing equivalents for PHA formation 361 under anaerobic conditions. Current hypothesized pathways include glycolysis, anaerobic 362 operation of the TCA cycle, glyoxylate shunt and split TCA cycle [69] [70] [71] . Key enzymes for all 363 these proposed pathways are present in the 3 MAGs from this study (Figure 4 ). This along with 364 trancriptomic evidence from literature [11, 15, 18, 72, 73] Table S3 ). 375
Full-scale facilities contain a variety of substrates in the wastewater including complex 376 substrates, therefore the ability to use complex substrates can provide a niche for a PAO in full-377 scale facilities. Most of the MAGs of Accumulibacter, including the 3 MAGs from this study, 378 encode a lactate dehydrogenase gene (dld) (except for BA94 and SK01) which catalyzes the 379 conversion of lactate to pyruvate and the reverse reaction. The lactate permease gene (lctP/lldP) was identified in aalborgensis, BA91, HKU2, UW1, RC18 and RCAB4-2. The presence of the 381 lactate permease gene, in combination with lactate dehydrogenase, could confer the ability to 382 uptake lactate and convert into pyruvate, acetyl-CoA or propionyl-CoA which can then be used 383 to form PHB/PHV or feed the TCA cycle. Conversion of lactate to pyruvate is able to generate 384 electron equivalents which can also be used for other active transport processes. A recent study 385
[76] showed that Accumulibacter is capable of using lactate to store PHA, however, the authors 386 noticed a deterioration in EBPR performance when feeding lactate presumably associated with a 387 metabolic shift in Accumulibacter from utilizing both polyP and glycogen to utilizing just 388 glycogen (similar to GAOs) since the use of lactate doesn't require the hydrolysis of polyP to 389 generate ATP. 390
Nitrogen Metabolism 391
Another trait of interest in Accumulibacter metabolism is the ability to use various oxidized 392 nitrogen species as electron acceptors. Among the available MAGs, only those in Clade IIC 393
MAGs, including MAG RC14 that was dominant in the S2EBPR configuration in this study and 394 one exception from IIA (aalborgensis), contain gene sets for respiratory nitrate reduction 395 (narGHI) and nitrite reduction (nirS), but did not possess genes for subsequent steps of 396 denitrification. The only MAG that contains genes for a complete denitrification pathway is UW-397 LDO-IC (Clade IC). Recent work with metatranscriptomics [20] showed that under micro-398 aerobic conditions and in the presence of nitrate, UW-LDO-IC is able to use both nitrate and 399 oxygen simultaneously as electron acceptors even though the ability to use nitrate as an electron 400 acceptor with exclusive and concurrent uptake of phosphate was not shown. 401
Most other clades (Clade IIA, IIB, IIF, IA, and IB) contain genes for periplasmic dissimilatory 402 nitrate reduction (napAB) system. The Nap system is generally considered to not be coupled with PMF generation and anaerobic respiration. It has been suggested that this system might be 404 involved in aerobic denitrification for roles in adaptation to anaerobic metabolism after transition 405 from aerobic conditions such as in EBPR [78] . There is also evidence that Nap is a dissimilatory 406 enzyme used for optimizing redox balancing [79, 80] . The possession of periplasmic Nap system 407 enzymes in majority of the Accumulibacter clades seem to suggest that these Accumulibacter 408 likely do not use nitrate as an electron acceptor for respiration and denitrification. Rather, the 409 Nap system likely allows CAPs to aerobically reduce nitrate to nitrite in the periplasm, which 410 can be utilized for downstream nitrite reduction or excreted outside the cell. 
Unique Functions in MAGs from Full-Scale Systems 420
In this study, we were able to obtain 3 Accumulibacter MAGs from full-scale EBPR 421 communities. It is likely that MAGs from full-scale facilities have some unique functional 422 abilities compared to MAGs from enriched lab-scale bioreactors to enable the organism to 423 survive in the highly dynamic and complex environmental conditions in wastewater treatment 424 systems. We identified genes for dimethyl sulfoxide (DMSO) reduction exclusively in RC18. 425
The pathway included the dmsA and dmsB subunits of the dmsABC gene cluster. The DMSO respiratory pathway has been extensively studied in photo-heterotrophic organisms such as identified the gene for alkane oxidation, alkane 1-monooxygenase (alkB) in RCAB4-2. The 431 production of this enzyme enables the oxidation of alkanes to alcohols making it an important 432 enzyme for bioremediation of petroleum hydrocarbon contaminated environments [81, 82] . 433
Whether this enzyme has a direct impact on EBPR metabolism is unknown. 434
In this study, for the first time, using integrated amplicon sequencing, oligotyping and genome-435 resolved metagenomics, we were able to reveal clade-level differences in Accumulibacter 436 communities and associate the differences with two different full-scale EBPR configurations. 437
The results led to the identification and characterization of a distinct and dominant 438 Accumulibacter oligotype -Oligotype 2 (belonging to Clade IIC) and its matching MAG (RC14) 439 associated with S2EBPR configuration. This study demonstrates that oligotyping of the V4 440 region of the 16S rRNA gene could resolves clade-level differences, congruent with ppk1-441 phylogeny, in Accumulibacter communities in full-scale EBPR systems. The potential 442 advantages of resolving clade-level differences using a high-throughput method such as 16S 443 rRNA gene amplicon sequencing combined with oligotyping is significant since it will enable 444 wider capture, higher-resolution and more cost-effective genotyping of Accumulibacter 445 communities and thus improve our ability to characterize and monitor EBPR processes. 446
Genome-resolved metagenomics also enabled us to retrieve 3 new CAP MAGs from full-scale 447 facilities including two MAGs, RCAB4-2 and RC18, belonging to Clade IIB and to a previously 448 uncharacterized sub-clade of Clade II respectively, that did not have any previous representative genomes. Comparative genomics of the obtained MAGs showed unique functions that could 450 enable niche-partitioning of particular clades under different conditions. 451 5. 
